Background and Purpose-Cerebral small vessel disease (SVD) is a major cause of stroke and dementia, but underlying disease mechanisms are still largely unknown, partly because of the difficulty in assessing small vessel function in vivo.
C erebral small vessel disease (SVD) is a major cause of stroke and dementia. As such it imposes a significant disease burden on the aging population and on healthcare globally. 1, 2 Two stroke subtypes that are explicitly linked to SVD are lacunar ischemic stroke and (hypertension related) deep intracerebral hemorrhage (ICH). Currently, there is no effective treatment specifically targeting the small vessels. This is largely related to the fact that the exact disease mechanisms contributing to the main forms of SVD, arteriolosclerosis and cerebral amyloid angiopathy, are still largely unknown. A challenge in this field is that the affected vessels have thus far been inaccessible by in vivo human imaging. Imaging assessment of the burden of SVD in the brain therefore largely relies on detection of the parenchymal lesions that develop as a consequence of SVD. 1, 2 With the advent of high-field magnetic resonance imaging (MRI) it is starting to become feasible to assess the structure and function of tiny cerebral arterial perforators. 3 Increased blood flow pulsation is hypothesized to reflectand possibly even is a contributing mechanism to several cerebrovascular pathologies involving larger arteries, but likely also in SVD. 4, 5 Until now, Doppler ultrasound and lower field MRI have been used to measure blood flow pulsation in the large intracerebral vessels such as the middle cerebral artery, but these techniques lack the resolution to probe the smaller vessels. Increased pulsation in these large vessels is a prognostic factor for ischemic stroke and is applied in research into cerebrovascular disease. [4] [5] [6] Taking measurements of pulsatility to the level of the small vessels themselves would offer a potential breakthrough in SVD research.
Recently, we have developed a novel MRI technique that allows the assessment of the pulsatile blood flow velocity in small cerebral perforating arteries using 2-dimensional (2D) phase contrast MRI at 7 T. 7, 8 It is able to reproducibly measure blood flow velocity and its pulsation in perforating arteries of the basal ganglia (BG, diameters up to 1 mm) and the semioval center (CSO, diameters under 200 µm) 9, 10 in older subjects. These perforating arteries are among the vessels that are affected by arteriolosclerosis in lacunar stroke and deep ICH. 1, 10 The aim of this explorative study is to compare blood flow velocity and its pulsatility in perforating arteries between patients with lacunar infarcts or deep ICH, and healthy controls.
Methods

Study Participants
The data created for this study have not been made publicly available. The institutional review board of our hospital approved this study and all subjects provided written informed consent. Patients were recruited through the Department of Neurology at the University Medical Center Utrecht. Patients were eligible for inclusion if they had been admitted up to 4 years before the study for either a lacunar infarction or a spontaneous deep ICH, attributed to SVD without evidence for an alternative cause during the diagnostic workup. Lacunar infarction is the prototype of cerebral ischemia caused by SVD and deep ICH related to hypertensive vasculopathy is the prototypic hemorrhagic stroke caused by hypertension-related SVD. Both patients with lacunar infarction and deep ICH were diagnosed according to standard clinical guidelines. Patients were diagnosed with lacunar infarction only if they presented with acute deficits compatible with lacunar infarction and had a compatible recent small vessel subcortical infarct on MRI in the days following the stroke. 11 Patients were diagnosed with deep ICH caused by SVD only if they presented with acute neurological deficits and a lesion (mostly on admission computed tomography) compatible with hypertension-related deep ICH, with no other explanation on clinical imaging (generally computed tomography or MR angiography). We excluded patients who were dependent on others for their activities of daily living and those who were not able to provide informed consent. We recruited the partners of participating patients as healthy controls and we recruited controls that participated in previous studies. We applied frequency matching to make the controls age-and sex-matched to the patient groups. Controls were not eligible for inclusion if they had a history of neurological disease. Controls were excluded when they proved to have silent SVD on their MRI, defined as white matter hyperintensities (Fazekas scale ≥2), lacunar infarction or deep ICH. A total of 11 patients with lacunar infarction, 12 with deep ICH, and 20 controls were recruited.
All patients were interviewed with a questionnaire about cardiovascular risk factors and medical history. A body mass index was calculated from self-reported height and weight and blood pressure was measured on the day of study participation (last measurement out of 3). Hypertension was defined as a (systolic/diastolic) blood pressure above 140/90 mm Hg or as the use of antihypertensive drugs. Hypercholesterolemia was defined as previously diagnosed or current use of statins. Cardiovascular disease other than the inclusion and exclusion criteria was defined as a history of myocardial infarction, peripheral arterial disease, aneurysm, cardiac arrhythmia, heart failure, or valvular heart disease. Smoking was recorded as the cumulated pack-years (cigarettes smoked per day÷20×years of active smoking).
Measurements
A previously published velocity encoded 2D phase contrast MRI (2D PC) acquisition was performed at 7 T to measure time-resolved blood flow velocity in cerebral perforating arteries (Table 1) . 7, 8 The 2D PC acquisition was performed in perforating arteries at the level of the BG, and in smaller perforating arteries at the level of the CSO (Figure 1 ). An anatomic acquisition was performed for planning and segmentation purposes. A fast fluid-attenuated inversion-recovery acquisition was performed to assess white matter hyperintensities. 12 The parameters for the non-2D PC acquisitions can be found in the onlineonly Data Supplement.
The 2D PC acquisitions used a tilted optimized nonsaturating excitation pulse, with an increasing flip angle in the feet-head direction (50-90 degrees). Two velocity encoding cycles were acquired per cardiac time point (turbo field echo factor of 2), resulting in a temporal resolution of 114 ms (4·repetition time). The echo time of 16 ms causes veins (with a short transverse relaxation time [T2*]) to have nearly no signal, while arteries still have high signal. 13 This ensures that only arterioles will be detected. As in previous studies, encoding velocities of 20 and 4 cm/s were chosen for the BG and CSO, respectively. The 2D PC images were processed and analyzed, measuring the number of detected perforators, their pulsatility index (PI) and their mean velocity. Scans were evaluated for subject motion or scanning errors. Acquisitions were labeled as corrupted by subject motion if severe ghosting was present, data showed severe magnitude instability, or the subject displaced to such a degree that slice planning failed. The time of day on which subjects were scanned depended on subject and scanner availability. On average, the time of day on which participants were scanned was similar between groups.
Image Processing
A MATLAB (2015b, Mathworks) tool was developed in-house to process the 2D PC images, as described in previous publications. 7, 8 In short, SPM12 (version 6906, October 20, 2016) functions were used for white matter segmentation.
14 The resulting region of interest (ROI) was manually corrected to include missing white matter areas (for instance because of subject motion between the anatomic acquisition and the 2D PC acquisition). For the BG acquisition, an ROI was manually drawn between the insula and the ventricles. Both the CSO and the BG ROIs were edited to exclude tissue areas where an intrasulcal vessel ghosted over the tissue ( Figure 2 ).
The velocity maps were corrected for phase offsets and a voxelwise SD of noise in the magnitude was estimated. The estimated magnitude noise SD was used to test for significant (2 SD) blood flow velocity. In the BG images, the contrast to noise ratio in the magnitude was tested for significant (1 SD) contrast, to prevent double counts of larger, single perforators. Since perforators in this study are likely to consist of one voxel at most, the voxel with the highest absolute mean velocity within a group of adjacent significant voxels was identified as the perforator.
The results were also evaluated for their overlap with lesions. The fast fluid-attenuated inversion-recovery images were manually assessed for white matter hyperintensities with the Fazekas visual rating scale (absent=0, punctate=1, early confluent=2, confluent=3).
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Statistical Analysis
Number of Detected Perforators
All statistical analyses were performed in R (version 3.4.0, April 21, 2017). 16 The image processing generated a number of detected perforators in the BG and CSO of each participant. In each detected perforator the velocity curve over cardiac time points was measured. The statistical analysis of the PI and blood flow velocity were performed separately, as explained below. The number of detected perforators was tested for differences between the control group and each of the patient groups with independent sample t tests (2-sided with equal variance).
Pulsatility Index
The velocity curves of the perforators were averaged per participant to create an average velocity curve with decreased noise. For the Stroke January 2019
average velocity curves, the PI was calculated as PI
The PI was tested for differences between the control group and each of the patient groups with unpaired 2 sample t tests (2 sided with equal variance).
Mean Velocity
The velocity curves of the perforators were averaged over time to get a mean velocity for each perforator. A linear mixed effects model was used to test group differences in velocity because the velocity measurements of perforators within participants are not independent from each other. 17, 18 The model took the mean velocity of each separate perforator as input, and allowed a random effect per subject, in addition to a fixed effect per group. The difference of the predicted mean velocity between the control group and each of the patient groups was tested for significance with the R package NLME (version 3.1-131, February 6, 2017). 19 The comparisons were modeled and tested separately for each patient group.
Results
Baseline Characteristics
Two control participants were excluded from the study because of the presence of silent SVD on MRI. Two patients (1 with lacunar infarction and 1 with deep ICH) were excluded from the study because their scans showed motion artifacts. Thus, we included 10 of 11 patients with lacunar infarction, 11 of 12 patients with deep ICH, and 18 of 20 controls. Manual inspection showed that none of the included patients had lesions that overlapped with the ROIs to a large degree. None of the patients had overlap between lesions and the CSO ROI. Only 7 of the patients (with deep ICH) showed some decreased signal at the edge of the BG ROI caused by the blooming artifact of hemosiderin near the imaging slice. On average, patients with lacunar infarction were scanned 2.7 years after stroke onset, patients with ICH 1.6 years ( Table 2 ). The age and sex distributions were comparable between groups of included participants. Both patient groups were more likely to have hypertension (and use blood pressure lowering drugs) or hypercholesterolemia and had smoked more than the controls.
BG Perforators
The BG acquisition had to be excluded in 3 patients with lacunar infarction, 2 with deep ICH, and 5 controls, because of acquisition errors related to the scanning protocol. Because of subject motion, 1 control BG acquisition was excluded. This led to 7 successful acquisitions in patients with lacunar infarction, 9 in patients with deep ICH, and 12 in controls. The number of detected perforators (mean±SD) in the BG was significantly lower in patients with lacunar infarction (26±9, P=0.01) and deep ICH (28±6, P=0.02) than in controls (35±7; Figure 3 ). The PI (mean±SD) of the BG perforators was higher in patients with lacunar infarction (1.07±0.13, P=.03), and deep ICH (1.02±0.11, P=.11), than controls (0.94±0.10), which was significant for patients with lacunar infarction only. 
CSO Perforators
Because of subject motion, 1 CSO acquisition in a patient with lacunar infarction and 3 in patients with deep ICH were excluded. This resulted in 10 successful acquisitions in patients with lacunar infarction, 8 with deep ICH, and 17 controls. The number of detected perforators (mean±SD) in the CSO was lower in both patients with lacunar infarction (32±18, P=0.06), and with deep ICH (28±18, P=0.02), compared to controls (45±16; Figure 4) , which was significant for the deep ICH patients only. The PI (mean±SD) of the CSO perforators was significantly higher in both patients with lacunar infarction (1.18±0.15, P=0.02) and with deep ICH (1.17±0.14, P=0.045) than in controls (1.08±0.07). The blood flow velocity in the CSO perforators as fitted by the linear mixed effects model (mean±SEM) was not significantly 
Discussion
In this study, we have demonstrated abnormalities in BG and CSO perforator function in patients with stroke attributable to SVD. We detected a lower number of perforating arteries and a higher PI in both patients with lacunar infarction and deep ICH, compared with healthy controls. Although these differences were not statistically significant in every test, the size and direction of the effects were consistent. No differences in mean velocity were detected. These results indicate that it is possible to express SVD in terms of small vessel function. We consistently detected fewer perforating arteries in patients than in controls, which was especially apparent in the Region of interest creation and perforator examples. These images show representative 2-dimensional (2D) phase contrast slices of a patient with a lacune (left: magnitude images, right: velocity maps). The rows show the basal ganglia (A), the semioval center (B), and perforator velocity curves (C). The left images show the average magnitude and the right images show the average velocity. The green circles mark a detected perforator in each slice, for which the velocity curves are shown in C. Because the subject moved downward in the scanner during the experiment, the automatically generated region of interest (red) in the semioval center (CSO) had to be manually adjusted (blue) to only include white matter.
CSO. This suggests that patients with lacunar infarction or deep ICH may have fewer functional perforators in the BG and CSO than healthy controls. However, other effects can also lead to the detection of fewer perforators. Fewer perforators might be detected because of a decrease in net cerebral blood flow, which other studies observed in patients with SVD. [20] [21] [22] Low blood flow with accompanying lower velocity causes a low blood signal because slow flowing blood spins saturate more while flowing through the imaged slice. In turn, a lower blood signal causes a lower probability for a perforator to be detected since our detection threshold corresponds to a given signal to noise ratio. Consequently, lower net cerebral blood flow in the CSO could decrease the number of perforators detected by our method at a fixed threshold. Similarly, a smaller perforator lumen could lead to a decrease in the blood signal as well and, thus, a decrease in the number of detected perforators. Where we detected roughly 50% more perforators in the CSO in healthy controls compared with patients, the difference was much smaller in the BG (roughly 25%). This effect is probably caused by the larger flow and lumen diameter of BG perforators, which makes the detection threshold play a smaller role in the BG compared with the CSO. Still, fewer perforators were detected in the BG of patients, even with the decreased influence of the detection threshold. This may support the interpretation that patients have fewer functional perforators. Should this be the case, one could speculate that the missed vessels are less well-functioning perforators. The amount of missed vessels may indicate the severity of the reduction in vessel function as a result of SVD.
The consistently higher PI in the perforators of patients with lacunar infarction and deep ICH is in line with studies which show a higher PI in large arteries in subjects with cerebrovascular disease, including SVD. 4 Middle cerebral artery PI as measured with Doppler ultrasound was previously shown to be associated with severe white matter lesions, and a recent study showed that it was associated with more progression of white matter lesions in patients with lacunar infarct. 23, 24 Similarly, other studies show that middle cerebral artery PI is associated with cognitive impairment and infarct volume. 25, 26 For a role of pulsatility in small vessel (dys-)function, it would be a prerequisite that these abnormal pulsatilities persist into the smaller arteries. This explorative study shows that a different pulsatility can indeed be measured in these arteries. This is relevant because pulsatility is thought to play a role in normal vascular physiology. 27 In addition to that, endothelial dysfunction has been shown to be modulated by biomechanical forces exerted by blood flow (20) 6 (55) 3 (17) β-Blockers (%) 2 (20) 4 (36) 3 (17) α-Blockers (%) 0 (0) 1 (9) 0 (0)
Calcium antagonists (%) 1 (10) 7 (64) 1 (6) RAAS inhibitors (%)* 3 (30) 7 (64) 4 (22) WMH Fazekas scale (range)
Values are presented as count (percentage), mean (SD), or median (range). ICH indicates intracerebral hemorrhage; and WMH, white matter hyperintensities.
*Renin-angiotensin-aldosterone system (RAAS) inhibitors include angiotensinconverting enzyme inhibitors and angiotensin II-receptor blockers. and is suggested to be involved in the pathogenesis of SVD. 2, 4, 28 Therefore, being able to measure hemodynamic differences in the microcirculation with the current technique can potentially help to understand the pathological processes behind SVD.
Of note, we did not measure significant differences in mean blood flow velocity in neither the BG nor the CSO perforators. This means that the velocity distribution of the detected vessels is similar, which implies that the measured PIs represent similar vessels for patients and controls. Moreover, since the detection threshold plays a relatively small role in the BG, the similar PI difference between patients and controls at the CSO compared with the BG, suggest that the method detects a representative set of perforators in the CSO, despite the fact that it only can assess the proverbial tip of the iceberg.
The PI values and mean velocities we measured in this study overall are higher than in our previous studies in healthy younger subjects. 7, 8 This may be explained by the fact that we acquired velocity measurements with a higher temporal resolution, which causes a better discrimination of peak velocities. We also automatically detected perforating arteries and changed the detection threshold to be equal for every participant. This will probably have led to fewer (mostly larger) perforators to be detected, which have larger flow velocities. In addition, we decreased the influence of blood signal saturation with tilted optimized nonsaturating excitation pulses, which decreases velocity underestimation. The PI in the perforators of the BG of our healthy older volunteers (61 years old, PI of 1.08) was also higher than that in the lenticulostriate arteries of healthy older volunteers in a recent study by others (74.8 years old, PI of 0.69). 29 However, a direct comparison is precluded since in the current study we assessed different arteries (both lenticulostriate-and smaller perforating arteries), and use a different acquisition which is optimized for these smaller arteries (higher in-plane resolution, lower V enc , and other differences).
The current study has some limitations. First, the acquisition is relatively sensitive to subject motion. Subject motion causes blurring and other artifacts, which might lead to a lower measured velocity and a lower number of detected perforators. The sensitivity to motion is caused mostly by the high in-plane resolution and long scan time (relative to the small imaged perforators). Nevertheless, we were still able to successfully perform the acquisitions in most subjects. It is our hope that prospective motion correction techniques currently in development (since all high-resolution applications encounter similar issues) will soon be available in MR products. Second, the used method inherently has a detection threshold. Perforators with a blood flow velocity below the detection threshold are censored, which skews the measured velocity distribution and makes the true mean velocity unknown. This might partly explain why we did not detect velocity differences between groups, while brain perfusion and large vessel flow are thought to be decreased in patients with SVD. 30, 31 However, this still allows group comparisons of perforators with velocities that do reach the detection threshold. By happenstance, this also adds further meaning to detected pulsatility differences, since now the PI is only compared between perforators with similar flow velocities. The selection threshold could indirectly show changes in hemodynamics, for example, when an increase (or decrease) in blood flow causes a higher (or lower) number of vessels to be detected. However, one should critically consider the thresholding effects in cases where the threshold is influenced by other factors than changes in blood flow, for example, when comparing vessels within lesions (with abnormal tissue intensity) to vessels in other tissue areas. Third, the increased tortuosity of perforators in patients with SVD might cause perforators to run through the slice obliquely (especially in the BG). In these perforators, the flow displacement artifact might cause a voxel that is identified as a perforator to be off-center during systole (as the blood signal displaces), causing a lower measured maximum velocity and PI. Still, we did detect a higher PI in BG perforators of patients with lacunar infarction. Fourth, in light of its exploratory nature, the study had a small sample size. This precludes a detailed analysis of factors that might determine small vessel function in our study population, such as hypertension, hypercholesterolemia, and diabetes mellitus. Last, the small study size and custom made MRI acquisition and processing, as well as the visibility of SVD lesions on MRI, meant that the researchers were unblinded to which group a participant belonged to. This potentially creates a bias where the study was not automated, such as in determining scan quality, assessing white matter hyperintensities severity, and manually adjusting the included ROIs to remove artifacts from ghosting large vessels.
Conclusions
This explorative study shows, for the first time, that SVD in patients with lacunar infarction or deep ICH may be expressed in terms of functional measures, such as PI, that are derived directly from the small vessels themselves. Increased pulsatility was observed in 2 separate levels of perforators and 2 separate patient groups. Future studies may use this technique to further unravel the mechanisms underlying SVD.
